A computer simulation of nonlinear correlators with 1-k2th-law nonlinearity has been implemented. The nonlinearity is applied to the input-image power spectrum, with either a matched filter or a phase-only filter representing the reference object. Optimal correlators 1with an exactly known power spectrum of the background-image component2 and suboptimal correlators have been studied in order to establish potential limits and achievable figures for the correlator's discrimination capability in a target location in a cluttered background. For the suboptimal correlators, different values of the nonlinearity index k have been investigated for two methods of the image's power-spectrum estimation and for different degrees on the limitation of the nonlinearity's dynamic range. The results show that the nonlinear correlators promise significant improvement in the correlator's discrimination capability and provide important information for evaluating the practical aspects of the correlator's design.
Introduction
Optical correlators with a nonlinearity applied to the input-image spectrum or to the target-object spectrum have attracted considerable attention of researchers looking for ways to improve the performance of optical correlators in pattern recognition and target location. [1] [2] [3] [4] An important subclass of such correlators is optical correlators with 1-k2th-law nonlinearity, which is described by the relationship Out 5 10In 0 2 2
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where In and Out are input and output signals, respectively, of the nonlinear transformation. A schematic diagram of these correlators is shown in Fig. 1 .
A nonlinear correlator with k 5 1 for the inputimage spectrum and with no nonlinearity applied to the target-object spectrum was described in Ref. 5 . It was shown that such a correlator approximates the correlator that provides the maximal ratio of the signal value in the point of the output plane, where the target object is located, to the standard deviation of the signal in the background part of the output plane. This correlator is described by its frequency response as
where O* is the complex conjugate of the referenceobject Fourier spectrum and 0 B 0 2 is the power spectrum of the background component of the input image. We refer to it as the optimal correlator 1OC2. Implementation of the OC promises the highest possible discrimination capability with relation to the background objects in the image. However, the design of the OC requires exact knowledge of the power spectrum of the background objects. This spectrum is not known before the target is located. One can attempt to estimate it from the observed image if the size of the target is reasonably small with regard to the entire image size. Computer and optical experiments have shown that even the simplest direct use of the observed image power spectrum as an estimation of the background spectrum provides considerable improvement in discrimination capability. [6] [7] [8] How-ever, the design and applications of the OC require answers to a number of practical questions, such as c A number of methods for power-spectrum estimation can be used. One of the simplest of these methods in optical implementation is spectrum linear smoothing 1LS2. How much can one expect to gain in the correlator's discrimination capability by using this method and other similar methods, and how well do such methods approximate the optimal correlator? c How sensitive is the correlator's discrimination capability to such design factors as the accuracy of realization of the nonlinearity and the limitation of its dynamic range?
c How can one compare the discrimination capability of the OC and suboptimal correlators with 1-k2th-law nonlinearity with that of the phase-onlyfilter correlator and the phase-only correlator, which are known to have the highest light efficiency? [9] [10] [11] It is the purpose of this paper to provide experimental data obtained by computer simulation to answer these questions. The results are obtained for reallife images and seem to be representative enough to use as guidelines in evaluating the feasibility of optical implementation of nonlinear correlators with improved discrimination capability. The results complement the comparison data and the data on the sensitivity of the OC to quantization of the inputimage power spectrum recently published in Ref. 12.
Description of the Simulation Experiments
The implementation of the OC requires obtaining an estimation of the image-background component power spectra. If the correlator is designed to have the highest discrimination capability on the average over the unknown position of the target object and over the signal sensor's noise realizations, then the image power spectrum averaged over these random factors has to be used as the estimation. If the target position is assumed to have uniform probability distribution over the entire image area, modification of the input image power spectrum 0 I 0 2 by adding to it the target-object power spectrum 0 O 0 2 can be recommended as an estimate of the background spectrum 0 B 0 2 averaged over possible target positions. 5 This method is called the ATS method. The corresponding suboptimal filter is, in this case,
Spectrum averaging over the sensor's noise can be substituted by a sort of smoothing of the input-image power spectrum. The simplest implementation is spectrum linear smoothing by a convolution. This method is called the LS method. The corresponding suboptimal filter is 
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where CONV1h, ?2 is a convolution operator with the point-spread function h. In the particular case of optical correlators with a nonlinear light-sensitive medium placed in the correlator's Fourier plane, this is the point-spread function of the medium's transparency function.
An important issue in the design of nonlinear optical correlators is the nonlinear medium's dynamic range. All optical light-sensitive materials have a limited dynamic range. This limitation also has to be taken into account in designing the computer model. Therefore the computer model has been designed to implement the following signal-processing scheme:
where c is the correlator output signal, I is the input-image Fourier spectrum, O* is the complex conjugate of the reference-object Fourier spectrum, IFT is the inverse Fourier transform operator, 1·2 is the elementwise product of vectors, CONV3h 1bl2 , 1.24 is a bl-fold linear convolution operator with pointspread function h, and LDR is a pointwise nonlinear operator, where
The model parameters bl, e, k, n, and Lim define different processing modes. The parameter bl defines the degree of spectrum LS, or blur; when bl 5 0, no signal smoothing is performed. The parameter e takes one of two values, 0 or 1, and determines whether the target object's power spectrum is used to modify the observed image power spectrum 3Eq. 1324. The parameter k defines nonlinear transformation applied to the estimation of the observed input image's power spectrum. The parameter n defines nonlinear transformation applied to the target object's power spectrum. It was used to simulate the phaseonly filter and the phase-only correlator 1n 5 1@22. The parameter Lim defines the degree of the dynamic range limitation. The model covers a broad variety of nonlinear correlators. Some specific cases are shown in Table  1 . The term suboptimal correlators in this table means the family of correlators that uses an estimation of the image power spectrum rather than the exact power spectrum, which has to be used in the optimal correlator design.
In the experiments, a range of values for the nonlinearity index k has been tested. For the exponent n, only those cases in which n 5 0 1matched filter2 and n 5 1@2 1phase-only filter2 were tested. As mentioned above, the convolution operator was implemented as a bl-fold repetition 1bl 5 0, 1, . . . , 72 of the elementary blur operator with a circular symmetric frequency response:
where f [ 30, 14 is spatial frequency normalized to the correlator's bandwidth.
In the experiments with limitation of the nonlinear material dynamic range, the parameter Lim was selected as a 11@4 lim 2th fraction of the signal maximum with lim 5 0, 1, . . . , 7. Thus the case in which lim 5 0 corresponded to no dynamic range limitation, and the case in which lim 5 7 corresponded to a limitation at the level of 11@163842th of the signal maximal value.
The experiments were conducted with 16 128 3 128 pixel fragments of a 512 3 512 pixel satellite photograph of a rural area as test images 1Fig. 22 and a small circular spot with a diameter of ,5 pixels as the target object embedded within the test images. The optical Fourier transform was approximated by the two-dimensional discrete Fourier transform. Two performance measures of the correlator's discrimination capability were computed in each experiment: the ratio of the object signal maximum to the Fig. 4 . Discrimination capability of the suboptimal correlators with 1-k2th-law nonlinearity as a function of the index k and the degree of spectrum smoothing for a typical image from the test set: 1a2 SNRV for the LS method of spectrum estimation, 1b2 SNRV for the ATS method of spectrum estimation, 1c2 SNRM for the LS method of spectrum estimation, 1d2 SNRM for the ATS method of spectrum estimation.
signal standard deviation over the background area in the correlation plane, or the signal-to-noise ratio in terms of the background-signal variance 1SNRV2, and the ratio of the highest object signal maximum to the maximum over the background area in the correlation plane, or the signal-to-noise ratio in terms of the background-signal maximum 1SNRM2. The former connects the experimental results with the analysis presented in Ref. 5 , whereas the latter is a more straightforward indicator of the correlator's ability to locate a target on a cluttered background. In order to compare the discrimination capability of suboptimal correlators with the potential discrimination capability offered by the OC, the latter has also been implemented in the model. In this case, to allow exact estimation of the image power spectra, the target object was not embedded in the test images.
Experimental Results and Discussion

A. Optimal Correlator
The results for OC's designed individually for each image from the set of test images are represented in Figs. 31a2-31c2 along with those for the conventional correlator 1matched filter2. Figure 31a2 shows that the SNRV values at the output of the conventional correlator are almost uniformly distributed in the broad range from ,0.3 to 3 for the set of test images. This distribution allows the suggestion that the selected set of images is representative enough. Val- Fig. 5 . Gain in the nonlinear correlator's discrimination capability for the LS method for estimation of the background-image power spectrum compared with that for the direct use of the observed image power spectrum: 1a2 gain in SNRV in relation to the conventional correlator-matched filter, 1b2 same as 1a2 but for SNRM. Fig. 6 . Comparison of the optimal correlator 1curve 02 with the correlators with the LS 1curve 12 and ATS 1curve 22 methods for spectrum estimation with the optimized smoothing index bl: 1a2 gain in SNRV in relation to the conventional correlator-matched filter, 1b2 same as 1a2 but for SNRM. ues for the SNRV and the SNRM as functions of the nonlinearity index k obtained for all the test images are plotted in Figs. 31b2 and 31c2 , respectively. The plots clearly indicate that 112 The nonlinear correlators with the matched filter and with 1-k2th nonlinearity in the Fourier plane can potentially outperform the conventional correlator considerably in terms of the ability to locate a target on a cluttered background. The observed gain is in the range from ,20 to more than 200 for SNRV and from ,15 to more than 100 for SNRM.
122 Although the optimal value of k in terms of the SNRV values is equal to 1, the optimal value of k in terms of the SNRM always tends to be slightly higher; on the average, it is approximately 10% higher. It is remarkable that SNRM decays relatively slowly for values of k higher than the optimal value. Observations show that for k . 1 the correlator's discrimination is basically due to a small number of frequency components of the signals, that is, the optimal filter acts as a bandpass filter with a very narrow bandwidth.
B. Suboptimal Correlators with 1-k2th-Law Nonlinearity and Empirical Estimation of the Image Power Spectrum
As mentioned above two estimation methods of estimating the background image spectrum have been studied for correlators with 1-k2th-law nonlinearity: the LS method 3e 5 0 in Eq. 1524, and the ATS method 3e 5 1 in Eq. 1524. Experimental SNRV and SNRM values for these methods are plotted in Figs. 41a2-41c2 for a typical image from the test set. Averaged data for the LS method and two values of the smoothing parameter bl are plotted in Figs. 51a2 and 51b2 to illustrate the gain in the correlator's discrimination capability obtained by spectrum smoothing 1bl 5 4 corresponds to the highest average gain over the set of test images2 compared with the direct use of the observed image spectrum as an estimation of the background-image power spectrum. Averaged data for the entire set of images and for the optimal value of the smoothing parameter bl 5 4 are plotted in Figs. 61a2 and 61b2. These results demonstrate the following conclusions:
c Suboptimal nonlinear correlators provide significant 1on the average, ,20-fold for SRNV and eightfold for SNRM2 improvement of the discrimination capability compared with that of the conventional matched filter 1a vivid comparison is presented in Fig. 72 .
c Smoothing the observed image power spectrum as a method of power-spectrum estimation improves the nonlinear correlator's discrimination capability considerably; the optimal value of the nonlinearity index k tends to be from 0.7 to 0.8 when no smoothing is applied to the observed image power spectrum, whereas spectrum smoothing requires higher values for k.
c The LS method outperforms the ATS method of spectrum estimation slightly if the degree of image spectrum smoothing is properly selected; the ATS method is much less sensitive to the degree of image spectrum smoothing and provides considerable improvement even without spectrum smoothing.
c The optimal value of the nonlinearity index k tends to be slightly lower than 1 for the correlators' performance evaluation in terms of SNRV, whereas it is close to 1 for the performance evaluation in terms of SNRM; small deviations of k from its optimal value are not very critical.
c A considerable degree of spectrum smoothing is required for achieving better discrimination capability; the optimal degree of smoothing corresponds to the resolution power of the nonlinear material, from 15 to 25 times lower than that required for the image. c A twofold-fivefold gap still remains between the discrimination capability of the suboptimal correlators and that potentially achievable for an exactly known power spectrum of the background-image component.
Limitation of the nonlinearity's dynamic range is an important issue in designing nonlinear correlators. For the OC, one would expect that the limitation of the nonlinearity's dynamic range deteriorates the correlator's discrimination capability. The simulation has shown that, although this deterioration does occur, it is not too severe 1Fig. 82. For the suboptimal correlator with the LS method of spectrum estimation, the experiments have shown that the dynamic range limitation does not necessarily deteriorate the correlator's discrimination capability. Moreover, a sort of trade-off is possible between the degree of the dynamic range limitation and the nonlinearity index k: the higher the limitation, the higher the nonlinearity index required for better discrimination capability. This is illustrated in Figs. 91a2 and 91b2 , which show that appropriate selection of the nonlinearity index k provides practically the same discrimination capability as that of the nonlinear correlator with an unlimited dynamic range. It is remarkable that the dynamic range limitation at the level of 1@4 to 1@16 of the smoothed-spectrum dynamic range Fig. 9 . Gain in the nonlinear correlator's discrimination capability for the LS method of spectrum estimation and limitation of the nonlinear media's dynamic range: 1a2 gain in SNRV with relation to the conventional correlator-matched filter; 1b2 same as 1a2 but for SNRM. Fig. 10 . Discrimination capability of the correlators with the phase-only filter 1pof 2 and 1-k2th-law nonlinearity as a function of the index k and the degree of spectrum smoothing for a typical image from the test set: 1a2 SNRV for the LS method of spectrum estimation, 1b2 SNRM for the LS method of spectrum estimation. may even improve, although slightly, the discrimination capability of the correlator without the dynamic range limitation. This can be attributed to the fact that power-spectrum estimation by the spectrum LS method is not perfect. Correlators with a strongly restricted dynamic range have higher light efficiency than do correlators with no restrictions, because, according to Eq. 162, the nonlinear material can be made entirely transparent in the spectral plane wherever the signal that modulates it exceeds the limitation threshold. Therefore it might be advisable to use the observed trade-off between the nonlinearity index and the degree of dynamic range limitation to improve the correlator's light efficiency while preserving its discrimination capability.
C. Phase-Only Filter and Phase-Only Correlators
The use of phase-only filters instead of matched filters in optical correlators is advocated by the high light efficiency of phase-only filters. However, experiments show that the discrimination capability of the correlators with phase-only filters is significantly lower than that of the optimal and suboptimal nonlinear correlators. The corresponding graphs for SNRV and SNRM for the nonlinear correlators with the phase-only filter representing the reference object are given in Figs. 101a2 and 101b2 for the same test image as in Fig. 4 . One can see from Fig. 10 that the optimal nonlinearity index k in this case is approximately k 5 0.5, which corresponds to the phase-only correlator. The graphs also show that spectrum smoothing performed before the spectrum's nonlinear transformation improves the discrimination capability of the phase-only correlators, although their discrimination capability remains lower than that of the suboptimal nonlinear correlators with a matched filter representing the target object. A comprehensive comparison of all the correlators described is presented in Fig. 11 . These plots demonstrate a hierarchy of correlators with 1-k2th-law nonlinearity in terms of their discrimination capability.
Conclusion
The discrimination capability of nonlinear correlators with the 1-k2th-law nonlinearity applied to the inputimage power spectrum and with either a matched filter or a phase-only filter representing the reference object has been studied experimentally by the use of computer simulation. The results show that c One can significantly improve the correlator's discrimination capability by the appropriate selection of the nonlinearity index k and the method of powerspectrum estimation.
c Nonlinear correlators with improved discrimination capability can be implemented by the use of low-resolution nonlinear materials with a reasonably limited dynamic range.
c A trade-off exists between the nonlinearity index k and the degree of dynamic range limitation; a higher degree of limitation requires a higher value of k.
c Combination of input-image spectrum smoothing, high nonlinearity index k, and a high degree of the dynamic range limitation promises considerable improvement in the nonlinear correlators' light efficiency while preserving their high discrimination capability and deserves further research.
c The twofold-fivefold gap in the discrimination capability between OC's and suboptimal correlators motivates further research into improved methods of image power-spectrum estimation.
